Gó mez-Molina, J, Ogueta-Alday, A, Stickley, C, Tobalina, JC, Cabrejas-Ugartondo, J, and García-Ló pez, J. Differences in spatiotemporal parameters between trained runners and untrained participants. J Strength Cond Res 31(8): 2169-2175, 2017-The aim of this study was to compare the spatiotemporal parameters of trained runners and untrained participants with the same foot strike pattern (rearfoot) during running at controlled speeds. Twenty-one participants were classified in 2 groups according to their training experience: Trained (n = 10, amateur runners with long distance training experience) and Untrained (n = 11, healthy untrained participants). Anthropometric variables were recorded, and the participants performed both a submaximal (between 9 and 15 km$h 21 ) and a graded exercise running test (from 6 km$h 21 until exhaustion) on a treadmill. Physiological (V _ O 2 max, heart rate, running economy [RE], peak speed .) and biomechanical variables (contact and flight times, step rate, and length) were simultaneously registered. Trained runners showed higher step rate and shorter step length than the Untrained group at the same running speeds (between 4 and 7%, p # 0.05) and at the same physiological intensities (between 7 and 11%, p # 0.05). However, there were no differences in contact and flight times between groups. Significant differences (p # 0.05) and large effect sizes (Cohen's d) between groups were found for body mass, sum of 6 skinfolds, V _ O 2 max, peak speed, and ventilatory threshold and respiratory compensation threshold speeds. The Trained group also showed a ;7% better RE (ml$kg 20.75 $km 21 ) than the Untrained group. In conclusion, adopting higher step rate and shorter step length may be an adaptive mechanism of the Trained group to reduce injury risk and possibly improve RE.
INTRODUCTION
L ong-distance running has increased in popularity in the last decade. According to the Running USA annual half-marathon report (32) , since 2000, the number of finishers in half-marathon races increased from 482,000 to 2,046,600 in 2014. This has led to great interest within the scientific community in studying different factors affecting both performance and injury risk in long-distance runners. The runners' physiological characteristics (i.e., V _ O 2 max, anaerobic threshold, and running economy [RE] ) and their influence on performance have been widely studied (2, 11) . Additionally, some biomechanical variables such as leg stiffness and foot strike pattern have been shown to influence performance (26, 33) . However, the relationship between the spatiotemporal parameters of running (i.e., step rate and length, contact and flight times) and both performance and injury risk still remains unclear.
Previous studies have compared step rate and length in varying levels of trained runners (6, 31, 35) . There are indications that experienced runners self-select higher step rates than novice ones (6, 10) , which could be an adaptation to optimize energy expenditure (18) . De Ruiter et al. (10) observed that untrained individuals self-select a step rate ;10% lower than that which would produce an optimal RE. Conversely, other authors have found that amateur marathon runners had a higher step rate and shorter step length than elite marathon runners at various standardized speeds (31) . Only 2 studies analyzed the differences between trained runners and untrained individuals (10, 35) , and their results were also contradictory. Moreover, several studies attempting to modify runners' preferred step rate and length showed decrements in RE (6, 25, 33) . Some other studies tried to identify an optimal relationship between these variables and RE, without satisfactory results (19, 36, 39) .
The examination of the relationship between contact and flight times with RE yields similarly conflicting results. Some studies argue that for a given running speed, increased contact time is related to a better RE and performance because a higher contact time implies a lower ground reaction force, which explains between 70 and 90% of energy cost of running (13, 15) . Conversely, others associated a lower contact time with a better performance (15, 30) , possibly because running speeds and foot strike patterns were not always well-controlled. To address this issue, it has been suggested that foot strike pattern and running speed should be standardized when comparing RE and spatiotemporal parameters of running between different level of runners or untrained individuals (29) .
Modifications in step rate and length have also been associated with increased injury risk while running (34) probably because of association with the magnitude and rate of impact force loading during the stance phase in some running injuries (23) . Research suggests that increased step rate, and subsequent reduction in step length, decreases the magnitude of several key biomechanical factors associated with running injuries (34) , such as the center of mass vertical excursion, ground reaction force, and impact shock, and may ameliorate energy absorption at the hip, knee, and ankle joints (34) . Thus, increasing step rate during running has been commonly advocated as an injury prevention mechanism (34) . Previous studies (7, 16, 34) have shown that the minimum change in step length required to observe biomechanical changes was 5%, although an increase of around 10% was required in step rate to elicit biomechanical differences (7, 16, 23, 34) . Curiously, De Ruiter et al. (10) reported that trained runners had a step rate ;9% higher than untrained participants.
Taking into account the influence of spatiotemporal parameters of running on performance and injury risk, and the conflicting research relative to differences between trained runners and untrained individuals, the aim of this study was to compare the spatiotemporal parameters (i.e., contact and flight times, step rate and length) of trained long distance runners and untrained participants with the same foot strike pattern (rearfoot) during running at controlled speeds. Additionally, RE was examined and compared between groups. It was hypothesized that step rate would be higher and step length shorter in trained runners compared with untrained participants, regardless of running speed. Conversely, no differences in either contact or flight times at the same absolute velocities were expected between groups based on the standardized rearfoot strike pattern among participants.
METHODS

Experimental Approach to the Problem
Spatiotemporal parameters of running (i.e., step rate and length, contact and flight times) and physiological variables (V _ O 2 max, ventilatory threshold [VT], respiratory compensation threshold [RCT] , and RE) among trained runners and untrained participants with the same foot strike pattern (i.e., rearfoot strikers) were compared in the present study. Submaximal running test and graded exercise were performed, allowing comparison of biomechanical and physiologic parameters between groups at standard speeds and at the same physiological intensities.
Subjects
Twenty-one participants took part in the present study. They were divided into 2 groups according to their training experience: Untrained group were 11 healthy untrained participants (age: 25.6 6 4.8 years; height: 176.7 6 5.3 cm; S 6 skinfolds: 61.5 6 25.4 mm; body mass: 73.2 6 6.3 kg; body mass index: 23.4 6 2.1 kg$m 22 ) who performed 2-3 days per week of moderate physical activity but not specific running training. The trained groups consisted of 10 amateur runners with at least 2 years of training experience in long distance running, a training frequency of at least 3 days per week and a personal best time on a half marathon between 1:10:00 and 1:26:00 hh:mm:ss (age: 26.6 6 6.6 years; height: 174.7 6 4.9 cm; S 6 skinfolds: 41.0 6 9.3 mm; body mass: 65.9 6 4.2 kg; body mass index: 21.6 6 1.0 kg$m 22 ; weekly training volume: 57.5 6 22.6 km). None of them were involved in strength training programs at the time of participation in the study. The protocol was approved by the University Ethics Committee, in accordance with the Declaration of Helsinki for human research. All participants signed a written informed consent to participate in the study and were informed of the objectives, procedures, benefits, and possible risks involved in the study.
The foot strike pattern was considered as an inclusion criteria for both groups because it has been shown that this variable affects contact and flight times (29) . All the participants were rearfoot strikers, which is the most common foot strike pattern in long distance runners (15) .
Procedures
All the participants were evaluated during the same period of the year (May to June) in a single data collection session. First, their anthropometric characteristics and the weight of their shoes were collected. After this, they performed 10 minutes of running warm-up on a treadmill at ;10 km$h 21 , followed by 5 minutes of free stretching of the lower limbs. Second, a submaximal running test followed by a graded exercise test were performed with 25-minute rest in-between. All testing sessions were conducted at the same time of day (between 10 AM and 1 PM), under similar environmental conditions (;600 m altitude, 20-248 C and 45-55% relative humidity). All subjects were instructed on proper hydration and carbohydrate intake before testing (21) , and they were instructed to not perform hard training in the 48 hours before testing.
All runners wore the same running shoes (250-300 g weight for each shoe) in both submaximal and graded tests to prevent this variable from affecting RE (28, 29) . Runners' body mass and height were recorded, together with 6 skinfold measurements (triceps, subscapular, suprailiac, abdominal, front thigh, and medial calf ) using standard equipment (Harpender; CMS Instruments, London, United Kingdom). All measurements were made by the same researcher following the guidelines of the International Society for the Advancement of Kineanthropometry (27) .
Running tests were performed on a calibrated treadmill (ERGelek EG2, Vitoria-Gasteiz, Spain) with a 1% of slope to mimic the effects of air resistance on the metabolic cost on a flat outdoor running track (21) . In both running tests, respiratory gases were collected via open-circuit indirect calorimetry (Medisoft Ergocard; Medisoft Group, Sorinnes, Belgium) and heart rate (HR) was monitored (Polar RS800; Polar Electro Oy, Kempele, Finland). Equally, a contact laser platform, previously validated and used in other studies (28, 29) , was installed in the treadmill to obtain the spatiotemporal parameters of running (SportJUMP System PRO; DSD Inc., Leó n, Spain), allowing the analysis of contact and flight times, step rate, and length during running. Spatiotemporal parameters were registered during the last 30 seconds of each stage to obtain at least 32-64 consecutive steps and thus reduce the effect of intraindividual step variability (3). To determine the runners' foot strike pattern, a high-speed video camera recording at 600 Hz (Casio Exilim Pro EX-F1; Casio Europe GMBH, Norderstedt, Germany) was placed on the right side of the treadmill (;1 m), perpendicular to the sagittal plane (28, 29) . All runners were analyzed by the same researcher, who identified their foot strike pattern at speeds corresponding to the runners' race pace for the Trained group (15-18 km$h 21 ) and for the Untrained group (12-14 km$h 21 ). Only the runners who landed on the ground with the heel first (i.e., rearfoot strikers) were included for further analysis.
The submaximal test consisted of 3 running sets of 5 minutes with 5-minute rest in-between. Untrained Group ran at 9, 11, and 13 km$h 21 and Trained Group ran at 11, 13, and 15 km$h 21 . V _ O 2 and HR registry of the last 3 minutes of each set were considered as representative values and used for analysis (29) . Running economy was determined as the V _ O 2 cost at a given running speed expressed in ml$kg 21 $min 21 and ml$kg 20.75 $min 21 (4). As previously reported by Helgerud et al. (17) , there is no difference between RE at velocities representing intensities between 60 and 90% of V _ O 2 max; therefore, the better RE value between these intensities was chosen as representative value.
The graded exercise test started at 6 km$h 21 and increased 1 km$h 21 every 1 minute until volitional exhaustion. Achievement of V _ O 2 max was determined based on the attainment of at least 2 of the following 3 criteria: a plateau in V _ O 2 with increasing speeds; a respiratory exchange ratio above 1.15; participants reaching their age-predicted maximal HR (220 2 age) (12) . The VT and the RCT were identified according to the criteria of Davis (9) . The V _ O 2 max/RE ratio was calculated as the quotient between V _ O 2 max and RE, both expressed in ml$kg 21 $min 21 (19, 36, 39) . Biomechanical parameters were Table 1 shows the participants' anthropometric characteristics and their physiological variables during the graded and submaximal tests. Significant differences (p # 0.05) and large ES between groups were found for body mass, body mass index, sum of 6 skinfolds, V _ O 2 max, peak speed, VT speed, RCT speed, RE expressed in ml$kg 20.75 $km 21 , and the quotient V _ O 2 max/RE. No significant differences were found in HR max , height, and RE expressed in ml$kg 21 $km 21 . Table 2 shows the step rate and length of both groups during the graded exercise test. Overall (i.e., considering all the speeds), the Trained group showed 5.2 6 0.9% higher step rate than Untrained group (2.94 6 0.1 and 2.81 6 0.2 Hz, respectively; p # 0.05 and ES = 0.97) and 5.6 6 1.2% shorter step length (1.36 6 0.05 and 1.46 6 0.09 m, respectively; p # 0.05 and ES = 1.37) than the Untrained group. Moderate to large ES were observed for speeds from 10 to 17 km$h 21 . Figure 1 shows no significant differences between groups in contact and flight times during the graded exercise test. Figure 2 shows significant differences (p , 0.01) in step rate between both groups at similar physiological intensities. Step rate and length (mean 6 SD) of trained (n = 10) and untrained participants (n = 11) during the graded exercise test (from 10 to 17 km$h 21 ).
RESULTS
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DISCUSSION
The main outcome of the present study was that trained runners demonstrated a higher step rate and shorter step length (between 4 and 7%) than untrained participants at all running speeds above 10 km$h 21 (Table 2 ). These differences were more pronounced (between 7 and 11%) at the same physiological intensities (Figure 2 ). This could be an adaptation to reduce loading at the hip and knee joints during running, which may be an adaptive mechanism to prevent some of the most common running-related injuries (16) . Additionally, the present study demonstrated that when both foot strike pattern and velocity were controlled, contact and flight times were independent of running experience (Figure 1) . Only 2 previous studies analyzed the differences in step rate among trained and untrained participants (10). Slawinski and Billat (35) observed that highly trained runners used a step rate ;7-8% greater than well trained and untrained runners at the same running speed, but that there were no differences between the latter 2 groups. Their findings conflict with the results of the present study (Table 2) , possibly because their experiment was performed in the field (i.e., real conditions), and the ability to control speed (i.e., it was between ;5 and 7% different among groups) and record a representative number of steps (i.e., only 2 steps were analyzed) was limited. Conversely, de Ruiter et al. (10) have reported that trained runners had a step rate ;9% higher than untrained participants at the same physiological intensity (80% of RCT).
These differences are similar to those reported in the present study (between 7 and 11%) at different physiological intensities (Figure 2) , demonstrating a clear preference in experienced runners to self-select higher step rates than untrained ones. The higher step rate and shorter step length found in the experienced runners when compared with untrained participants could be associated with, among other factors, an adaptive mechanism to reduce injury risk by increasing step rate (35) . Previous studies (16, 20) have observed that at a given running speed, a shorter step length decreases the impact of the foot on the ground, thereby reducing injury risk (23, 34) . Considering the running-related injury rate among those who begin a running program (ranging from 19.4 to 79.3%) (37) , the findings of the present study, when viewed in context with previous research examining injury risk, indicate that some technical strategies could be adopted (i.e., cadence training with feedback) in an attempt to decrease injury risk and positively affect RE (14) .
Both Trained and Untrained groups in the present study exhibited a rearfoot strike pattern and demonstrated no differences in the contact or flight times (Figure 2 ). These results disagree with previous research suggesting an association between shorter contact times and better performance (15, 30) or level of expertise (10) . However, not all previous research has controlled for factors that may effect this association. Because of the effect of foot strike pattern and running speed on contact and flight times, both variables were controlled in the present study, as in some previous studies (28, 29) . Additionally, at running speeds of 12, 14, and 16 km$h 21 , contact times (0.276 6 0.017, 0.249 6 0.014, and 0.228 6 0.013 seconds, respectively) were similar to those reported (0.278 6 0.017, 0.252 6 0.014, and 0.230 6 0.011 seconds, respectively) in a previous study, which involved highly trained runners with a rearfoot strike pattern (half marathon time lower than 1:15:00 hh:mm:ss) (29) . These results suggest that for the same submaximal running speed, contact and flight times do not seem to vary with the level of training or running experience. In other words, at submaximal speeds, timing is very consistent in humans while running. This new finding warrants further investigation (i.e., neural mechanisms associated with this phenomenon).
In the present study, there were no significant differences in RE between trained runners and untrained participants if this variable was expressed in ml$kg 21 $km 21 , and the contrary when it was expressed in ml$kg 20.75 $km 21 (Table 1) . Because V _ O 2 at a submaximal speed does not increase linearly in proportion to body mass, if the V _ O 2 is expressed in ml$kg 21 $km 21 , lighter runners may be classified as less efficient than heavier runners (4) . Given the differences in mass between the 2 groups, and following the recommendations of Bergh et al. (4) , it could be assumed that RE expressed in ml$kg 20.75 $km 21 more accurately reflects the differences between groups. Several studies associated RE with running performance (1, 5, 26, 33) , although in homogeneous groups of runners, the ES of this association has been questioned (24) . The present study found that trained runners were between 5 and 7% more economical than the untrained ones. These values are in line with the reduction in aerobic demand (6-7%) observed between trained and untrained adults undergoing extended training programs (38, 39) . Specifically, Morgan et al. (26) noted that subelite runners were 3% more economical than moderately trained runners, and these were 9% more economical than untrained. However, economical and uneconomical runners could be identified at all levels of performance (22, 26) and possibly between trained and untrained subjects.
Some limitations of the present study were as follows: (a) the analysis of treadmill running instead of track running. Although it can be assumed that kinematics and kinetics are very similar, instruments' accuracy and environmental conditions are better controlled in the laboratory (28); (b) the differentiation between the effect of both running experience and step rate on RE. Because of the collinearity of these variables, it is difficult to know the real effect of running experience on the other 2 variables. However, according to previous studies, RE in untrained participants who increased step rate ;9% only improved 1-2% (9).
In conclusion, this study examined differences in spatiotemporal parameters between trained long distance runners and untrained participants, which can be applied to benefit novice runners. Besides possessing a decreased physiological capacity (e.g., lower V _ O 2 max and RE, higher percent body fat), untrained runners also demonstrated lower step rate and longer step length compared with trained runners at the same running speeds (between 4 and 7%) and at the same physiological intensities (between 7 and 11%). These differences may represent an adaptive mechanism to reduce the injury risk while running that may be trained in novice runners to improve function and reduce injury risk. However, there were no differences in contact and flight times at the same submaximal speeds, showing a consistent timing for runners with the same foot strike pattern, independent of the level of training. The underlying mechanisms for this similarity between runners of different training levels warrant further investigation.
PRACTICAL APPLICATIONS
Because high step rate has been related to a decrease in running injuries, specific intervention, strategies, and technical exercises used by coaches to increase step rate of their runners may be advantageous. This is particularly important for novice runners given their tendency to use lower step rates at all speeds, but can also be applied for experienced runners, when this pattern is detected. According to the results of this study, step rate values in experienced runners should be near 2.82 6 0.13 Hz at VT (95% CI: 2.74-2.90 Hz) and 3.01 6 0.12 Hz at RCT (95% CI: 2.94-3.07 Hz). In this regard, step rate and length could be easily registered by means of portable and miniaturized sensors (e.g., Polar Sensor Running, Garmin HRM-Run, Suunto Foot POD) and compared with these reference values, which may help coaches and athletes monitor these parameters and determine their adequacy during training and competitions.
